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Abst rac t - -The  work applies the k - e turbulent model, with pressure boundary condition for 
the entrainment atmosphere surface, to calculate the steady free jet flow. It is solved by S IMPLE  
method using multi-grid solver to accelerate the computational speed. Based on the fulfillment of 
the above isothermal jet flow, combusting jet flows of diffusion flame and partial premixed flame 
are simulated, using the assumption of fast chemical reaction and Eddy-Dissipation-Concept (EDC) 
model, respectively. The numerical results are compared with experimental and theoretical results. 
The numerical results of isothermal jet and diffusion jet flame agree well with tests by Panchapakesan 
and Lumley, Lockwood and Moneib. It is found that the EDC model has some errors in modeling 
partial premixed jet flames. © 1999 Elsevier Science Ltd. All rights reserved. 
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i .  INTRODUCTION 
Combustion in a turbulent jet, at a first sight, seems very simple. But it manifests many char- 
acteristics of other complex turbulent combustion which involves fuel chemistry, fluid mechanics, 
convective and radiative heat transfer, gas-phase elementary reactions and turbulence. So far the 
models for diffusion jet flame have been well developed. They can be solved by the source-free 
equation of mixture fraction without the need to consider chemical reaction rates. Presumed 
probability distribution function (pdf) methods assist o get the details of the diffusion flame. 
Eddy-break-up (EBU) [1,2] or Eddy-Dissipation-Concept (EDC) [3] models are introduced for 
predicting premixed flames. But these methods can only be regarded a rough guide since they 
do not give rise to unique solutions. Methods newly developed for premixed flames including 
'Coherent flame model', 'Flamelets approach', G-equation' have a limited application until now. 
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This paper presents results for an isothermal, turbulent, axisymmetric jet as a test case for 
validation of the code and the k - e model. The numerical results are compared with theoretical 
considerations based on Prandtl's mixing length concept, as well as experimental results obtained 
by Panchapakesan d Lumley [4] and Wyganski and Fiedler [5]. Subsequently, results for a pre- 
mixed and nonpremixed jet flames are presented. The simulations are solved on the assumption 
of infinite chemical reaction rate and the EDC model. Comparisons with experimental results 
show that the assumption of fast chemistry reaction is well applied in the chemical diffusion jet 
flame, while the EBU or EDC models have some limitations on partial premixed jet flame. 
2. TURBULENCE MODEL 
The 2-D incompressible Favre-averaged quations describing the motion of a turbulent fluid 
are as follows. 
Overall mass conservation: 
Conservation of momentum: 
Op 0 
--~ + ~xj (put) = O. (1) 
0 0 
0~ uxj  
o ~ o ( Oui k Op 
i=  1,2. 
(2) 
A closure of the above two equations by means of the k - ~ turbulence model result in the 
additional equations for the kinetic turbulent energy and dissipation rate 
(Ou, Ou,'  2 
(3) 
where the turbulent eddy viscosity is defined as 
k 2 
F,~ = c .p - - .  (4) 
The conservation equations for turbulent kinetic energy and its dissipation rate are 
0 0 0 ~pe, Ok) 
O-7(pk)+-~(m~)=~-~ k  ~ +G-p~, 
~(Pe)+b-~ (P~J~) = ~ \ ~ 0=5 + C, ~ G - C2 ¥ p, 
(5) 
(6) 
where the effective turbulent viscosity is defined as 
(7) 
The rate of turbulent kinetic energy production is given by 
a = ~,t \0=~ + 5~x~J Oxj" (s) 
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3. COMBUSTION MODEL 
3.1. Governing Equations 
Consider a simple, global one step and irreversible reaction of the type 
1 kg- Fuel + s kg. Oxidant ~ (1 + s) kg. Product, 
where s is the mass stoichiometric oxidant/fuel ratio. 
For a methane-air mixture, the chemical reaction is as follows: 
(9) 
CH4 + 202 + 2 x 3.76N2 --* 3CO2 + 2H20 + 7.52N2 + AHfu. (10) 
The conservation equation for chemical species i is 
0 0 0 [ 
O't (psi)  + ~ (pujm+) = ~ \ a++ cgx# ] + 1~. (11) 
Here, m+ denotes the mass fraction of the ith chemical species. The rate of production of 
species i by chemical reaction Ri is defined as 
Rox Rpr Rfu = 
s 1 + s (12) 
Rin = 0, 
where i = fu, ox, pr, and in indicate fuel, oxidant, product and chemically-inert species, respec- 
tively. 
Introducing the definition of conserved Schvab-Zeldovich variable 
mox 
v = mfu - - - ,  (13) S 
the conservation equation for v has no source terms. Instead of using v as a conserved variable 
in the equation, the following source free equation will be used: 
~9 0 vO / ~e_2_ff cg f '~ 
-~ (Pf) + ~xj (pujf) = ~xj l ay Oxj ' (14) 
where the mixture fraction f can be defined as 
- "° (15) f = vf - Vo ' 
where o stands for oxidant stream, f for fuel stream. For a well-ventilated air mox,o = 0.232. 
3.2. D i f fus ion-Contro l led  Reactions 
According to the initial reactant mixing condition, the combustion problems can be classified 
as premixed and nonpremixed flames. 
In situation where the fuel and oxidant are not initially mixed (e.g., nonpremixed flow), it 
is assumed of infinitely fast reaction rate. The complete chemical state can be determined by 
solving only one source-free conservation equation for the mixture fraction f .  
The mass fractions of fuel and oxygen are related to the mixture fraction according to the 
following relationships: 
O<f<--At: { 
,fst <.f ~ 1 : { 
mfu = O, 
(,- 
mfu = \ 1 - f s t  ] " mfu'f' 
mox = 0. 
(18) 
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where fst is the stoichiometric value given by 
1 
Sst = 1 -I- 8" (7/lfu,f/mox,o)" (17) 
The mass fraction of the dilution component such as N2 is related to f by 
rain = (1 - f ) - (1 - mox,o). (18) 
Then the mass fraction of the product depends on the following equation: 
meu + mox + rain + mpr = 1. (19) 
3.3. Kinetieal ly-Control led Reactions 
When the chemical process is not physically controlled such as in the case of premixed fuel and 
oxidant mixtures, the rate of the chemical reaction will be the dominating factor. The equation 
for the mixture fraction f and for the mass fraction of fuel mfu must be solved simultaneously. 
The reaction rate Rfu in equation (11) has different forms depending on the nature of the flow. 
For laminar flows, the reaction rate is expressed as the Arrhenius-type t rm 
R4u,l = p2mfumox "A 'exp  ( - - -~- )  . (20) 
For turbulent flows, the eddy-break-up (EBU) model assumes the reaction rate as 
Rfu,t = CrgU2 ( P-~) . (21) 
In a simple way, the mean-square fluctuation g is as follows: 
gl/2 = mfu. (22) 
The reaction rate depends on the smaller ate of generation of combustion products between 
Arrhenius-type t rm and the eddy-break-up term 
Rfu = - min [IRfu,/l, IRfu,tl]. (23) 
Magnussen and Hjertager [3] modified the EBU model by assuming that the variance of the 
fluctuations ofspecies is proportional to the inversion of turbulence time scale, and that the rate 
is controlled by the deficient reactant, oxygen, or fuel 
[ mox] 
Rfu = -pCr -~ min mfu, s J " (24) 
It is common practice to assume Cr to be 4. This is called Eddy-Dissipation-concept (EDC) 
model. 
The specific heat % is calculated from the expressions 
Cp -~ Z miCpl' 
, (25) 
cp, = ai + bi • T -F ci • T 2. 
The mixture density of air, the combusting gas and the combustion products can be expressed 
by the state equation of a perfect gas 
Mp 
P = RT"  (26) 
Turbulent Jet Flow and Combustion 183 
The mean molecular weight is given by 
1 1 
= (27) 
i 
For incompressible flows, the pressure p in the perfect gas state equation is taken to be the 
surrounding as pressure P0. This is due to that the spatial variation of pressure Ap is much 
smaller than its absolute value P0- Here the pressure nters the thermochemistry only through P0, 
while only pressure differences affect he velocity field. If the dynamic energy of the mean motion 
is small compared to the specific enthalpy h, the stagnation enthalpy h is then expressed as 
= h = cpT + mfu x AHfu ,  (28) 
where Hfu is the heat of combustion. 
The stagnation-enthalpy equation is 
o ( )  + o ( )__ o + S h • (29) 
If thermal radiation transfer to the surroundings i  ignored and also if the assumption of the 
equality of the turbulent exchange coefficients i  extended to include the diffusion of all species 
and of heat, the total enthalpy may be obtained irectly from 
without he need to solve the enthalpy 
Above of all, the general form of the 
= h l f  + (1 - f )ho,  
equation. 
2-D turbulent, reactive quation is 
(30) 
o o o (o0)  
0-t (pC) + ~x (pu¢) + -r~r (rpv¢) = ~ r ~ + - r~ rr  ~r + S¢. (31) 
The constants in equations (25) and (27) are given in Table 1. 
The standard set of constants in the present urbulence and combustion models are given in 
Table 2. 
Table 1. Gas property values. 
Composition Molecular weight Mi a( J /kg -K)  b x 10 3 ( J /kg.  K 2) c X 10 6 ( J /kg.  K 3) 
CH4 16,04 1916.53 -1092.7 8697. 
02 32,0 800.38 415.46 - 126.83 
CO2 44.0 599.55 973.50 -330.44 
H20 18.0 1682.31 542,99 63.92 
28.0 969.26 198.96 6.1 N2 
Hfu = 4.07 x 107J/kg 
Table 2. Turbulence and combustion model constants. 
Value 1.44 1.92 0.09 4.0 
,Tk - -  1 .0 ,  a~ = a f~ = a f  = ag  = 0 .7 ,  a~ = 1.3 
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In order to avoid overestimation f the jet spreading rate, the modified k - ¢ turbulence model 
employed in the present work involves the use of the Rodi correction [6] for the free jet modelling 
given by 
C~ = 0.09 - 0.04c, 
C2 = 1.92 - 0.0667e, (32) 
where c is the mean flow retardation parameter defined as 
-~x  / " (33) 
Here, Um is the velocity at the jet centerline and b is the width of jet. 
The constants in the Arrhenius equation are 
A = 101°ma/kg. s, 
E 
= 1.84 x 104 K. (34) 
4. SOLUTION PROCEDURE 
In most publications related to free jet flows, the parabolized Navier-Stokes equations are 
solved since this allows the use of much faster solution procedures, e.g., the procedure obtained 
by Patankar and Spalding [7]. However, the present study is an intermediate step towards the 
simulation of more complex flow problems, which are governed by elliptic pde's. 
The SIMPLE algorithm with multi-grid solver in nonstaggered grid system is used to couple 
the velocities and pressure, using FASTEST commercial code [8]. By integrating the general 
equation (31), the discretized form of the equation is as follows: 
apCp = X: a.bCnb + S~. (35) 
nb 
The above equations are solved by SIP method. 
5. BOUNDARY CONDIT ION 
Five kinds of boundaries need to be considered: the inlet, walls, axis of symmetry, outlet, and 
the entrainment boundary• 
5.1. Inlet 
All variables are known• A uniform velocity profile is assumed at the exit of the nozzle. The 
inlet turbulence energy is given by 
kin = 10-4z~2 n ,  (36) 
and the inlet dissipation is given by: 
Gin = 0 1643 (k: 51(o 035D)) (37) 
where D is the inner nozzle exit diameter. 
5.2. Wall  
u = 0, v = 0 (no-slip condition), k, e are handled by the wall function and an adiabatic 
boundary at the wall is assumed. The vanishing radient boundary condition is used for the 
species concentration a d mixture fraction equations. 
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5.3. Symmetry  
At a symmetry line, zero normal gradient is assumed 
0¢ 
= 0 (38) 
5.4. Out le t  
At the outflow, a zero gradient along axial direction is assumed 
0__¢ = O. (39) 
Ox 
5.5. External Entrainment Boundary 
The upper boundary is taken to be far away from the jet edge, so that the pressure can be fixed. 
Zero values for k, ~, f, mfu are used and the temperature is taken to be the ambient emperature. 
For the lateral velocity parallel or perpendicular to the free boundary a zero gradient condition 
is imposed. 
6. RESULTS AND DISCUSSION 
A rectilinear two-dimensional grid is used for the calculations of jet flows with fine grid spacing 
near the nozzle exit region in order to obtain an adequate spatial resolution. For the computation 
three levels of multi-grid with the finest grid, 80 x 80 CVs are employed. The nonuniform point 
distribution is as follows: 
x( i , j )  = aa .exp [bl(i - 1)] - al, 
(40) 
y( i, j )  = al  . exp [b2(j - 1) l - al, 
where ax, bl, b2 are adjusting expansion constants. 
Three cases are evaluated. In the first test case, an isothermal, turbulent jet flow is simulated 
to show the capabilities of the present code. Subsequently, results for combustion in a free jet 
with nonpremixed and premixed fuel-oxidizes will be presented. The geometry of the present est 
cases is described in Figure 1. 
,~  free-boundary 
~ wall-bound~u'y 
symmetry inlet ~ .. . . . . . . . . . . . . . . . . .  Z . . . . . . . . . . . . . . . . . . . . . . . . . .  
v 
Figure 1. Geometry and boundary conditions for free jet. 
outlet 
6.1. Isothermal Free Jet Flow 
The axial length of the computational domain is 3.2 m and the radial length is 0.96 m. The 
analytical solution based on the Prandtl's mixing-layer concept [9] is 
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u -- 
v 
3 K 1 
8~r COX (1 + (1/4)r]2) 2' 
4 v ~ x (1 + (1/4)~2)2' 
b = 0.0848x, 
1 /3  v~ y (41) 
f ]= 4 V~ C 0 X' 
CO 
= 0.0161, 
K = 27r u2y dy, 
where x and y are the coordinates in axial and radial directions, K is the constant kinetic 
momentum as a measure of the length of the jet, e0 is the virtual viscosity of turbulent flow, 
denotes a nondimensional xial distance. 
E 
: :)  
12.7 
10.2 
7.6 
5.1 
Figure 2. Streamlines and velocity vectors. 
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Figure 3. Steady jet centerline velocity decay of isothermal free jet. 
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Figure 4. Fully developed radial mean velocity profile of isothermal free jet. 
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Figure 5. Steady jet growth of isothermal free jet. 
50.0 
Figure 3 shows the decay of the axial centreline velocity Uref/Um (where the inflow velocity has 
been used as reference). The radial distribution of the axial velocity is found to be gaussian, as 
shown in Figure 4. The half value radii b, i.e., the radius where the mean velocity is half the 
centreline value, is displayed in Figure 5. The radial distribution of kinetic energy of turbulence 
at x /D = 100 (where D is the inlet diameter) is shown in Figure 6. 
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Figure 6. Fully developed radial profile of kinetic energy of turbulence of isothermal 
free jet. 
The calculations are compared with theoretical [9] and experimental results by Panchapakesan 
and Lumley [4]. The mean velocity distributions indicate that the profile becomes elf-preserving 
some few diameters downstream of the nozzle. The half-width b increases as x and the centreline 
velocity um decreases as x -1. The radial distribution of kinetic energy of turbulence is also 
compared with experimental results by Wygnanski and Fielder [5]. It is found that Wygnanski 
and Fielder overestimate he fully developed kinetic energy of turbulence near the centerline. 
The streamlines and velocity vectors are shown in Figure 2. It can be seen from the streamlines 
that the jet draws in at its boundary fluid from the surrounding mass at rest so that the mass of 
fluid carried by the jet increases in a downstream direction. 
6.2. Dif fusion Free Jet  F lame 
The methane stream flows out of the nozzle with an exit diameter of 7.74 mm, which is chosen 
in order to compare with experimental results by Lockwood and Moneib [10]. The one-step 
chemical reaction model with an infinitely fast reaction rate is used to calculate the diffusion jet 
flame. 
The predicted temperature contour is shown in Figure 7. The peak temperature is 1914 K. The 
axial distribution of mean temperature along the centreline is shown in Figure 8. The flame height 
is about 140 diameter of the inner nozzle. The modified k - e model improves the estimating of 
temperature near the nozzle exit compared with the standard k -e  model. The peak temperature 
position at centreline by experiments lies between that by standard and modified k - ~ models. 
To an extent, the agreements by the calculation show that the assumption of fast chemistry can 
be applied in the diffusion flame with a definite accuracy. And it is economic from the point of 
view of computer memory and CPU time. 
6.3. Par t ia l  Premixed  Free Jet F lame 
A coaxial nozzle is considered. The premixed methane and air stream leaves the primary exit 
(~30 ram) with a mass flux of 13.4 IN~rain. The secondary air flow leaves the surrounding nozzle 
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Figure 7. Predicted temperature contour of diffusion flame. 
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Figure 8. Mean temperature distributions in diffusion flame. 
(4)160 mm) with 127.5 IN/min. The length of the computational domain is 0.2 m and the width 
is 0.2m. 
In the primary air stream and the secondary stream, oxygen (02) makes up of 21% by volume 
(79% for N2), namely 0.232 by mass fraction (0.768 for N2). The inlet temperature is 300 K. The 
mass fraction of fuel and mixture fraction at the inlet is given by 
fi. = mf.,i. =/st .  (42) 
The EBU and EDC models give the similar results for such a partial premixed jet flame. 
The temperature distributions along the centerline obtained by EDC model and experiments 
by LSTM [11] are shown in Figure 9. The results by EDC model show that it overpredicts 
the consumption of fuel and the temperature near the nozzle inlet. Combining the Arrhenius 
expression with the EBU model, such as in equation (23), has been widely criticized. A principle 
weakness of the EBU model is that it does not relate the reaction rate to the limiting species. 
190 X. ZHOU et al. 
I -  
2000.0 
1 ~;00,0 
1000.0 
~00.0 
, , 0 , 
0 
Oexperiments by LSTM 
pO00000 
0.0 I I i I I I i 
0,00 0.05 0.10 0,15 0.20 
x{m) 
Figure 9. Mean temperature at centerline of partial premixed flame. 
The EDC model improves the above shortcoming, but the constant Cr is difficult to choose to 
be fit for the problem of such a premixed jet flame. Its application i  the premixed flames is still 
limited. 
7. CONCLUSION 
This paper shows that the modified k - e model with pressure boundary condition is well 
applied in the flee jet flow. The assumption ofone-step, irreversible and infinitely fast chemistry 
gives a better description of temperature for the diffusion flame jet flow. But EDC model acks 
in its popularity in the partial premixed jet flame. Other methods such as G-equation or detailed 
chemical mechanism need to be considered in the future. 
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